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soft tissues, once injured, cannot regenerate spontaneously in vivo. [ 1, 2 ] Therefore, artifi cial supporting tissues would substantially improve outcomes after soft-tissue injury. However, to date, no materials have been developed that are suffi ciently tough, yet soft and fl exible, for bonding to bone. Recently developed tough hydrogels are promising materials as substitutes of soft supporting tissues. [3] [4] [5] However, bonding of hydrogels to other surfaces is diffi cult because the main component of hydrogels is water. [ 6, 7 ] Indeed, hydrogels usually have poor adhesion and show low sliding friction on solids. [ 8 ] Bonding of tough hydrogels to bones is one of the challenges for potential application of hydrogel materials as soft supporting tissues.
Bone, consisting of proteins and minerals, is a dynamic tissue that is constantly regenerated by osteoblasts and resorbed by osteoclasts, which is called bone remodelling. [ 9 ] Osteoclasts secrete acid and collagenase to disassemble bone at a molecular level, and osteoblasts release proteins (mainly collagen), which are crosslinked by deposition of the calcium-phosphatehydroxide salt HAp to form bone. [ 9 ] It is known that synthetically formed HAp has high osteoconduction. [10] [11] [12] [13] Thus, a layer of HAp has been coated on the surfaces of solid materials for medical implants to support osteointegration. [ 10 ] HAp with a low crystallinity, which can be obtained in mild reaction, shows good bioabsorbability and supports effi cient osteogenesis. [11] [12] [13] Hydrogels are semi-permeable to small molecules and ions due to their high water content. [ 6, 7 ] The semi-permeability makes it possible to mineralize HAp nanocrystals in hydrogels. [ 14 ] In addition, hydrogels are also permeable to some proteins, depending on the relative size of the protein to the gel. For example, biosynthesized collagen molecules that have ≈1.5 nm diameter and ≈300 nm length in the triple-helix form [ 15 ] are expected to be permeable in hydrogels that usually have a mesh size larger than several nanometers by the reputational motion. [ 16 ] Thereby, one can expect biomineralization-like processes to occur inside the gel matrix, even if the osteoblasts and osteoclasts are too large to penetrate into the gel.
Thus, our strategy to bond a tough hydrogel to bone is to spontaneously induce the formation of a gel/bone hybrid layer at the gel-bone interface in vivo, combining the features of the semi-permeability of the hydrogels, the high osteoconductivity of HAp, and the dynamic nature of the bone tissues. For this purpose, we hybridized HAp nanocrystals on the surface layer of a tough double-network hydrogel (DN gel). We found that the HAp-containing gel, denoted as HAp/DN gel, formed robust bonding with defected bones after four weeks implantation, while the pristine DN gel did not. The strong osteointegration Recent progress in developing tough hydrogels has made these highly water-containing materials promising substitutes of soft supporting tissues such as cartilage and ligaments. However, bonding of tough hydrogels to bone is a great challenge for such potential applications. Here, we have developed a novel tough double-network hydrogel that spontaneously bonds to defected bones robustly in vivo. Osteointegration of the hydrogel is realized by mineralizing calcium-phosphate-hydroxide salt hydroxyapatite (HAp) nanospheres in the surface layer of the hydrogel to induce spontaneous osteogenesis penetration into the semipermeable hydrogel. A gel/bone hybrid layer of around 40 µm thickness was observed to give the robust bonding. This is the fi rst success in realizing robust osteointegration of tough hydrogels, and the method is simple and feasible for practical use. This work will be a breakthrough for the potential application of tough hydrogels as substitutes of soft supporting tissues.
The soft supporting tissues in the human body, such as cartilage and ligaments, are tough and fi rmly fi xed to bones. These of the HAp/DN gel was owing to the formation of a gel/bone hybrid layer at the interface with gradient structure.
As a typical tough hydrogel, we used a DN gel consisting of poly(2-acrylamido-2-methyl propanesulfonic acid) as the brittle fi rst network and poly( N,N -dimethylacrylamide) (PDMAAm) as the ductile second network. [ 3 ] The DN gel from this combination has shown excellent mechanical and biological performances, including high strength and toughness, biocompatibility, low wearing ability against repeated sliding, and ability to induce regeneration of hyaline cartilage in vivo. [ 3, [17] [18] [19] To carry out low-crystallinity HAp mineralization on the surface layer of the DN gel, we alternatively dipped the DN gel in aqueous solutions of calcium chloride (CaCl 2 ) and dipotassium hydrogen phosphate (K 2 HPO 4 ). [ 20, 21 ] After repeated dipping, the transparent DN gel gradually became opaque white ( Figure 1 A(i) ) with only slight shrinkage in volume ( Figure S1A ,B, Supporting Information). Cross-sectional images showed that HAp was mineralized on the surface layer of the hydrogels (Figure 1 A(i) ). The thickness of the HAp layer could be controlled by the dipping time t ( Figure S1C ,D, Supporting Information), and the HAp content in the layer could be controlled by the dipping cycle n . For conditions t = 110 s and n = 5, we obtained an HAp/DN gel having a 500 µm-thick hybrid layer on its surface; the composition of this layer was 4.1 wt% mineral, 8.2 wt% polymer, and 87.7 wt% water ( Table 1 ). X-ray diffraction revealed that characteristic peaks for the HAp crystal appeared over n = 3, and their intensities increased with increase in n , owing to the ripening from amorphous to crystals ( Figure S2 , Supporting Information). [ 20 ] The surface of the HAp/DN gel was as smooth as that of the pristine DN gel, and its contact angle to water (CAW) gradually increased with cycle n ; at n = 5, the CAW was almost equal to that of the sintered HAp plate ( Figure S3 (Supporting Information), and Table 1 ). Furthermore, the zeta potential of the HAp/DN at pH 5.5 changed from the pristine value to almost the same as that of the sintered HAp plate ( Table 1 ) .
The HAp/DN gel maintained its original soft, pliable nature ( Figure 1 A(ii) , Movie S1, Supporting Information). It showed improved mechanical properties in the compression test compared with the pristine DN gel (Figure 1 B) . Both the pristine and HAp/DN gels did not fail, even at a compressive strain ε as high as 0.9; indeed, the Young's modulus and the stress at ε = 0.9 of the mineralized sample were higher than those of the pristine ( Table 1 ). The toughness in terms of work of compression at ε = 0.9 of the HAp/DN gel was about 1.5 times higher than that of the pristine ( Table 1 ). The tensile test also showed an enhanced Young's modulus but the fracture strain became slightly lower than that of the pristine sample ( Figure S4A , Supporting Information). These mechanical property changes cannot be explained by the slight dehydration of the sample, and they indicate the crosslinking effect of HAp, which reinforces the DN at the cost of reducing the extensibility of the polymer network. The repeated compression test showed no changes in the mechanical performance with the compression cycle both for the HAp/DN gel and the DN gel ( Figure 1 C; Figure S4B , Supporting Information).
To confi rm that the DN gel is permeable to collagen molecules, which are the main protein components of bone, we immersed the DN gel in a 1.5 wt% solution of triple-helix collagen molecules, and the amount of collagen permeation was measured by UV-visible light spectroscopy. The absorbance of the characteristic collagen peak increased with soaking time, and the diffusion reached equilibrium at around 56 h ( Figure S5A ,B, Supporting Information). The transparent DN gel became slightly opaque and white, indicating collagen-fi bril formation in the gel at the prolonged time ( Figure S5C , Supporting Information). [ 22 ] To see if deposition of HAp nanocrystals would lead to the formation of a nanocomposite with collagen in the DN gel, HAp mineralization was then performed for the collagen-penetrated DN gel. We selected transparent collagen/DN gel samples containing 1.5 wt% collagen for HAp mineralization. The compressive mechanical properties of the collagen/DN gel and collagen/HAp/DN gel were evaluated (Figure 1 B and Table 1 ). The stress-strain curve of the collagen/DN gel almost overlapped with that of the pristine DN gel, indicating that the mere penetration of collagen into the DN gel brings negligible change in the mechanical strength. By contrast, a remarkable enhancement of the mechanical strength was observed after HAp mineralization of the collagen/DN gel. In fact, the collagen/HAp/DN gel showed even higher strength than that of the HAp/DN gel. Just like the HAp/DN gel, the collagen/HAp/DN gel also did not show failure even at maximum compression. Therefore, deposition of HAp nanocrystals reinforced the collagen/DN gel substantially by forming nanocomposite with collagen. It is likely that the collagen molecules form the third interpenetrating network structure that is crosslinked by HAp particles. Also, collagen molecules form some bundles or aggregations in the DN gel because the pristine gel became opaque after collagen diffusion, as shown in Figure S5C (Supporting Information).
To test the in vivo osteointegration, we created a cylindrical gel plug covered by a 500 µm-thick HAp hybridized layer and implanted the plug into an osteochondral defect created in the rabbit femoral groove ( Figure 2 A) . Figure 2 B shows microcomputed tomography (µCT) images of the osteochondral defects with the pristine DN (i-ii) and HAp/DN (iii-iv) at four weeks after implantation. The HAp-layered region of the HAp/DN gel was clearly recognizable from the surrounding tissue in (iii), as indicated by the red arrow. iv) Furthermore, the HAp/DN layer completely coalesced with the surrounding bone tissue, as revealed by the sagittal plane image. iv) Comparing the sagittal plane images of the HAp/DN gel with those of the pristine (ii), more osteogenesis was observed around the HAp/DN gel than around the pristine.
We designed a push-out test to measure the bonding strength of the HAp/DN gel to the rabbit bone for different implantation times (Figure 2 C) . As shown in Figure 2 D, the pristine DN gel showed a very low push-out load, both at one week and four weeks implantation. By contrast, the push-out load of HAp/DN gel at one week was as low as that of pristine but increased dramatically at four weeks. Actually, the bonding was so strong at four weeks that the HAp/DN gel matrix ruptured before being pushed out, and the maximum load shown in Figure 2 D is the result of rupture of the HAp/DN gel, not the failure of bonding. Some parts of the gel matrix, which were strongly adhered to the internal wall of the bone tissue, remained in the defect. The push-out test may demonstrate a complex state of the interface stress. However, it was attempted to estimate roughly the order of bonding stress. From the value of maximum load/cylindrical surface area, we knew that the true shear bonding stress might be larger than 0.6 MPa. This value was comparable to the reported bonding strength of a smooth and pure HAp to bone (0.15 MPa) at eight weeks. [ 23 ] Thus, the HAp/DN gel showed strong osteointegration, while the pristine DN gel did not.
To clarify the structure to show the strong bonding, fi rst, we stained the implanted samples using anionic methyl blue, which forms a complex with the cationic moieties of the proteins. [ 24 ] As shown in Figure 2 E, the nonimplanted HAp/DN gel was not stained at all due to absence of any proteins (Figure 2 E(i),(ii) ). By contrast, for the four-weeks-implanted DN and HAp/DN gels, the edge regions were clearly stained with blue color Measured by tensile test.
( Figure 2 E(iii),(iv),(v),(vi)), indicating the diffusion of proteins into these gels. For the sample of the HAp/DN gel that strongly bonded to the bone, the surrounding bone tissue was also stained, but only slightly. This is because the presence of dense HAp prevents the staining of collagens in the bone. Comparing with the DN gel, the HAp/DN gel showed wider and denser straining, suggesting the presence of more proteins in the HAp/ DN gel. The high-magnifi cation image of the HAp/DN sample further revealed that the proteins at the gel-bone interface had a gradient distribution of ≈500 µm width (Figure 2 E(vii) ). It is likely that many proteins from the surrounding serum diffused into the gel and were stained by methyl blue. To verify the presence of collagen, we further characterized the dried specimens with microscopic refl ection infrared (IR) spectroscopy (Figure 2 F) . The collagen shows characteristic peaks at 1693 and 1559 cm −1 assigned to amide I and II, respectively. [ 25 ] These two peaks were clearly observed for pure collagen solution and cortical bone of the femur. On the other hand, for nonimplanted samples, both the pristine and HAp/DN gel showed a peak at 1654 cm −1 , assigned to amide I of the second network of the DN gel, PDMAAm. The four-weeks-implanted HAp/ DN gel exhibited one broad peak around the amide I region (1693-1654 cm −1 ); this peak could be deconvoluted into two peaks assigned to amide I of collagen and PDMAAm, respectively ( Figure S6 , Supporting Information). This result suggests the presence of collagens in the HAp/DN gel. By contrast, the implanted DN gel showed a weak and broad shoulder in the 1654-1700 cm −1 region, indicating that various kinds of proteins are present in the DN gel. Considering the relative peak intensity of the deconvolution, the weakness of the amide II peak of the implanted HAp/DN gel compared with those of standard collagen and cortical bone, was reasonable. In addition, the IR profi le also showed a characteristic peak of PO 4 3− of HAp at around 1100 cm −1 [ 26 ] for the HAp/DN gels but not for the DN gels, both non-implanted and implanted.
By fi eld-emission transmission electron microscopy (FE-TEM), the morphologies of HAp before and after implantation were clearly observed. The seamless wide-range FE-TEM image of non-implanted HAp/DN showed the dispersed distribution of the HAp nanocrystals with spiny spherical shape measuring ≈200-600 nm in diameter ( Figure 3 A-D) . The outermost layer of the HAp/DN gel was almost covered with the HAp nanocrystals (Figure 3 E) . The diffraction spots in Figure 3 B(iii)-E(iii) confi rm the crystalline structure of the spiny spherical HAp nanoparticles. On the other hand, the seamless wide-range FE-TEM image of implanted HAp/DN at the boundary region (indicated by the red arrow in Figure 2 E(vii)) showed a gradient distribution of HAp with no clear boundary between the gel and the bone tissue (Figure 3 F) . Dispersed HAp nanospheres of similar density as that of the non-implanted HAp/DN gel were observed in the gel region far from the interface to bone. However, the density of the HAp nanospheres remarkably increased and continuous HAp structure was observed in the region close to the bone, indicating that some HAp was newly formed. The FE-TEM images at a high magnifi cation further showed that the HAp nanospheres located in the gel region far from the interface also had the spiny spherical morphology (Figure 3 G) , similar to that of non-implanted HAp/DN (Figure 3 B-D) . However, near the bone side, some new HAp was observed on the whisker-like surface of the spiny HAp nanospheres (Figure 3 H) . In the region quite close to the bone tissue, ripened new HAp with morphology similar to bone tissue infi lled the space and completely coalesced with the spiny HAp nanocrystals (Figure 3 I,J) . The diffraction spots in Figure 3 G(iii)-J(iii) also confi rm the crystalline structure of the HAp. It is clearly indicated that osteogenesis penetrated into semi-permeable DN gel, although any cells are too large to penetrate into the gel matrix. From the results of Figure 3 F, the transition layer of HAp was about ≈40 µm in width, which is about 1/10 of the protein staining width as observed in Figure 2 E. As the pre-existed HAp nanocrystals almost maintained the same density and morphology after the formation of the bonding, the observed HAp gradient layer was not due to the reconstruction of the pre-existed nanocrystals, but rather due to the additional mineral sources migrated into the hydrogel. By contrast, such new HAp formation was not found in the four-weeks-implanted pristine DN gel ( Figure S7 , Supporting Information). The above results indicate that the HAp nanocrystals in the HAp/DN gel are able to induce the spontaneous osteogenesis inside the gel to form the gel/bone hybrid layer, as illustrated in Figure 3 K. This hybrid layer that gradually changed from gel-rich phase to bone-rich phase should be responsible for the strong bonding of the HAp/DN gel to the bone. Since no gel/bone hybrid layer was formed for the pristine DN gel, such osteogenesis was activated by the HAp nanocrystals pre-existing in the DN gel. A possible mechanism is that dissolution of a small amount of HAp nanocrystals stimulates the cells on the bone region to perform osteogenesis. [ 11 ] During this process, biosynthesized collagens and minerals diffused into the gel matrix to form the gel/bone layer. This bonding mechanism of the HAp/DN gel to bones is quite different from that of solid materials, such as metal alloys and ceramics via the osteoconductive HAp layer. [ 10 ] In the latter case, the HAp layer forms sharp interface with bone.
Thus, the DN gel containing HAp nanocrystals showed high osteointegration as a result of spontaneous formation of a gel/ bone hybrid layer at the interface, owing to the semipermeable characteristics of the hydrogel and the osteoconduction of HAp. Since the HAp mineralization to form nanocrystals is independent of the specifi c chemistry of the polymer network, but only depends on the semipermeable nature of the hydrogels, this strong bonding approach could be applicable to a variety of biomaterial-based tough hydrogels. We expect that these results will promote the potential application of tough hydrogel materials as cartilages. This result will also merit the development of hydrogel-based artifi cial ligaments in the future.
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Experimental details are provided in the Supporting Information.
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